In this paper, we derive a mathematical formulation that relates the end-effector tracking error to the end point payload carried by a modular reconfigurable manipulator (IRIS) in two different configurations. The effect of varying the end point payload on the independent joint position error is investigated experimentally on the two configurations of the modular and reconfigurable robot.
I. INTRODUCTION
The dynamic performance of robot manipulators is greatly affected by the great variety of payloads handled by the end-effector. Hence, it is very important to study the different inter-relationships between the manipulator joints, speeds, loads, and actuation forces. In this paper, an experimental analysis of the tracking performance of the IRIS arm [1] under different loading conditions is reported. The analysis considers two different configurations both being controlled using independent joint PID control. The gains for each joint are designed a priori, and well tuned to achieve the best tracking performance with the smallest possible position error. The gains are kept fixed, although the loading conditions change. In this way, we can analyze the effect of an external disturbance, in the form of a payload variation on the tracking performance of different configurations of the IRIS arm. The analysis starts with the following closed form equations that represent a general form of an n d.o.f. manipulator dynamics:
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where n n R M × ∈ is the matrix representing the coupling and effective inertia terms, is the vector of torques. Because of the changing geometrical configuration of the robot as it moves, the inertial parameters are time varying. Also, the inertial and gravity terms affect the servo stability and positioning accuracy of the arm. The coriolis and centripetal term contribute little to the dynamic force at low operating speeds, but become highly significant at high speeds. Neglecting them leads to suboptimal dynamic performance [2] . The normal practice in industrial robotics is, therefore, to limit the operational speed such that the problem is not encountered. The form of the manipulator dynamics in (1) can be rewritten in the following alternative form [3] :
where ij D is the coupling inertia between joints i and j, ∈ R U l is the pseudo-inertia matrix, which is symmetric, and is given as: In the case of no load, equations 2-6 can be used to express the manipulator dynamics. In the case of load conditions, the problem becomes more complicated because of the dynamic interaction between the load and the arm [4] . It is well known that the last link of the robot arm contributes to the most complex configurational dynamics, and with a load in hand, the problem will be further complicated. In the analysis performed in this paper, the load is assumed to be a cylindrical disc that fits exactly into the gripper with its center of mass at the origin of the end-effector. In this case, only the pseudo-inertia matrix of the last link (link N) will be altered. Hence, equation is the mass of the end-effector load. Note that equation (7) is applicable only for the case of the last link (link N). Because of the varying pseudo-inertial matrix of link N, and the effect of the payload on altering the coriolis and centripetal parameters at high operating speeds, static PID gains might not be sufficient to maintain the desired performance under various operating conditions. In the next Section, we attempt to analyze the effect of the load on the end-effector error expressed in the manipulator task space.
II. TASK SPACE POSITION ERROR
In this section, we derive a formulation of the end-effector error in the task space as a function of the generalized force vector experienced when a payload is added. As mentioned in last section, in equation (1), ( ) q M accounts for the payload inertia as a part of the inertia of link N. The vector of the motor torques expressed in the joint space of the manipulator can be written as:
where n is the gear reduction ratio, m τ is the vector of motor toques, m I is a constant diagonal matrix of motor inertias, and n R ∈ τ is the vector of applied torques after gear reduction. We can then rewrite equation (1) as:
) An expression for the manipulator endpoint acceleration can be obtained from the well-known relationship between the end-effector velocity vector and joint velocity vector.
Letting V and Ω denote the translational and rotational velocities of the end-effector, the appropriate manipulator Jacobian matrix ( ) q J should describe the following relationship:
Taking the time derivative of equation (10) yields the expression of the end-effector acceleration:
Thus the end-effector acceleration is a function of , ,, and dependant on the fixed geometric parameters of the manipulator. Notice that the first term is linear in terms of joint acceleration and exhibits no dependence on joint velocities. The velocity dependant term is nonlinear and exhibits no dependence on accelerations. Thus, it is clear that the nonlinear terms in the endpoint acceleration equation become more prevalent at high velocities. In equation (11), the endeffector acceleration does not show any explicit dependence on the dynamics of the arm [5] . However, the arm dynamics have an indirect effect on the endeffector acceleration values. This fact is taken into account by coupling equation (9) and (11), and substituting for q into (11):
(12) Then combining equation (2.11), and (2.12), we get: ∈ R M load is the matrix representing the mass and rotational inertia properties of the payload and g is the acceleration due to gravity. The force F can be regarded as a disturbance affecting the independent joint controllers and viewed from a task space perspective. This force is related to the torque acting upon the links by:
In the framework of independent joint control using a linear controller, the vector of motor torques m τ is related to the joint space tracking error as follows: The expression in (21) can be viewed as the filtered tracking error of the end-effector as a function of the joint position, velocity, motor torques, and load inertia. Expanding the above expression:
The first term on the R.H.S of the above expression represents an end-effector position/orientation error due to the load dynamics. As the load at the end-effector increases, the force vector F will increase resulting in a higher end-effector tracking error. Since 
The expression in (24) represents the change of the endeffector filtered tracking error when a load-free manipulator carries an end-effector load. In expression (23), a proper choice of the joint space controller gains can result in a small end-effector error. However, if those gains were to be used to control the same manipulator under payload conditions, the term
might still result in an undesirable end-effector error. Hence, to achieve a desired accurate positioning under any operating condition, either the independent joint servo gains should be re-tuned at the beginning of every new experiment or an adaptive control strategy should be implemented to achieve the desired joint performance under any trajectory/payload mode of operation. In the next section, experiments are performed on two different configurations of the IRIS arm to study the effect of payload on the tracking performance of each d.o.f. Note that, an undesirable position error in the joint space due to an external load will consequently result in an undesirable end-effector error in the task space that could jeopardize the positioning accuracy of the endpoint through out the predefined task.
III. EXPERIMENTS ON IRIS Arm
In this Section, using the IRIS configuration 1 shown in Figure 1 , some experimental results are introduced to show the effect of trajectory/payload variations on the robotic arm performance. The PID gains of each of the 4 d.o.f were self-tuned to achieve the best tracking performance. In this set of experiments, all 4 d.o.f were actuated and the following operating conditions were tested: (1) symmetric sinusoidal trajectory with (i) no load, and (ii) 3.4 Kg load; (2) asymmetric sinusoidal trajectory with (i) no load, and (ii) 2.35 Kg load; and (3) random trajectory with (i) no load, and (ii) 3.4 Kg load. For the first operating condition, with a load of 3.4 Kg, the maximum tracking error of joint 1 increased by 89.36%. For joint 2, again, the maximum tracking error increased by 20% when the load is added. For joint 3, the average tracking error is doubled from 0.35 0 to almost 0.7 0 when the load is added. Joint 4 was also affected when the load was introduced showing an increase of about 32% in the tracking error. In the third test, the loading of 3.4 Kg was retained and the sinusoidal tracking trajectory was replaced by a random trajectory. The gains were kept fixed to determine the effect of the trajectory change on the tracking performance under no load and loading conditions. Joint 1 showed a 30% increase in the maximum tracking error under 3.4 Kg load. However, with the same load and fixed gains, the maximum tracking error of joint 1 is less for a random trajectory than for a sinusoidal trajectory. Joint 2 showed a 34.55 % increase in the maximum tracking error when the load is added. For joint 2, in presence of the load, the maximum tracking error of the random trajectory is 20% higher than the sinusoidal trajectory. For the random trajectory, joint 3 showed a 42.5% increase in the maximum tracking error when the load was added. Again, with load, and using fixed PID gains, the error of the random trajectory is much higher than the sinusoidal trajectory for joint 3. For joint 4, the maximum tracking error is doubled from -0.004 (rad) to -0.008 (rad) when the load was added.
Fig. 1: IRIS configuration 1
More experiments were performed on the IRIS configuration 2 shown in Figure 2 . In this configuration the orientation of joint 4 was changed. PID gains of each of the four joints were re-tuned to achieve an acceptable performance for this specific configuration. However, initially, the tuning of the gains for joint 4 was extremely "tricky" due to the significant effect of gravity on its tracking performance under loading conditions. Two experiments were performed: (1) a symmetric trajectory with no load and 2.1 Kg load; and (2) an asymmetric trajectory with no load and 1.2 Kg load. For the first experiment, Joint 1 showed a 5~10% increase in the maximum tracking error when a load of 2.1 Kg load was added. For joint 2, the sum of squared error increased significantly when the load was added. The same phenomenon was experienced for joint 3. For joint 4, the gains were self-tuned on-line to improve the tracking performance for a no load operating condition. Despite that, when the load was added the maximum tracking error of joint 4 significantly increased. For the second set of experiments on this configuration, the PID gains of each of the four joints were re-tuned again prior to the experiment. Because of the light load introduced, i.e., 1.2Kg, the performance of joints 1, 2, and 3 degraded significantly. Moreover, for joint 4, the maximum tracking error increased substantially when the load was added.
IV. CONCLUSION
In this paper, we derived an expression for the filtered tracking error of the end-effector of the IRIS serial manipulator. This expression is derived in the presence of external disturbances in the form of a varying payload at the end-effector. The filtered tracking error expression is a function of the joint position, velocity, motor torques, and load inertia. From results obtained on two different IRIS configurations, we realize that in most experiments, a payload (as small as 1 Kg) can significantly reduce the tracking performance of some (if not all) degrees-of freedom of the IRIS arm. Furthermore, for some setups, the error of one or more d.o.f can increase substantially when gravity plays a role in magnifying the disturbance force acting upon the manipulator due to the load. Hence, to achieve a desired accurate positioning under any operating condition, either the independent joint servo gains should be retuned at the beginning of every new experiment or an adaptive control strategy should be implemented. The explicit expression of the filtered tracking error derived in this paper is meant to facilitate the process of designing an adaptive control strategy for the IRIS arm. 
